An analysis of twenty-one fault-plane solutions from the Deka Fault zone and the mid-Zambezi Valley shows normal (dip-slip) faulting with a strike-slip component. The fault planes strike in a south-westerly direction in conformity with the north-easterly geologically observed striking lineaments. The T axes of the fauIt planes obtained are nearly horizontal with their domains in the north-west and south-east quadrants of the focal sphere. One composite focal mechanism solution for the seismically active area just to the west-north-west of the Kariba dam is constructed. The overall results are correlated with the known tectonics of the area. The stress regime obtained in this study is predominantly influenced by a north-west-south-east tensional stress field that is orthogonal to the orographic strike direction of the main geological structures.
INTRODUCTION
Fault-plane solutions have been determined for 21 earthquakes that occurred in the Deka Fault zone and mid-Zambezi Valley during the period 1966 to 1990. The Deka Fault zone in the south-west borders with the Okavango delta in Botswana, and the mid-Zambezi Valley to the north-east covers the Lake Kariba area. It extends into the Kafue River valley just to the north-east of the Kariba dam. One composite solution for the Lake Kariba area is also presented in this paper. The results obtained in this study are presented showing the T and P axes and giving the domains of the compressive and tensile stresses. From the fault-plane solutions, the state of the regional stress regime in thr area studied is inferred.
G E 0 L 0 d Y A N D SEISMICITY
The Dtku Fault zone lies to the south-west of the area studied and includes the Victoria Falls area. The mid-Zambezi Va1li.y to the north-east covers all the area now lying under the waters of Lake Kariba. Both areas lie within the Karroo system of central southern Africa; the term 'Karroo' being used to refer to a succession of completely unmetamorphosed dominantly continental sedimentary rocks and lava ranging in age from Carboniferous to Jurassic times. These sediments attain thickness in excess of 1060 metres in most areas (Gair 1958) . The basement rock in the Deka Fault zone comprises the Batoka basalts, dipping north-westward (Lockett 1975; Pallocks 1984) . The Deka Fault forms a boundary between the basalts in the north-west and the thick Karroo sediments to the south-east of the fault. The eastward advance of these sediments is halted by the Zimbabwe shield (Fig. 1) .
The Deka Fault zone shows moderate seismic activity (Fig. 2) . 28 earthquakes of magnitude equal to or greater than 4.0 occurred in this area during the period considered in this study. The largest earthquake of magnitude 5.1 occurred in 1966. The Deka Fault zone is a highly fractured area. The area to the north-west of the Deka Fault ( Fig. 1 ) comprises mainly basalts. Geological faults mapped in this area show prominent faults running east-northeastward across the Zambezi River. Further to the south of this fault system, both north-east-and north-west-trending faults are observed. The north-west-trending faults are oIder than the north-east-trending faults (Garande 1990) .
The mid-Zambezi Valley is flanked to the north by the Choma-Kalomo batholith (Fig. l) , and to the south, by the granite-gneiss massif of the Zimbabwe shield, two structures that have acted as positive tectonic boundaries since the Karroo times (Tavener-Smith 1960) . The area between these two structures is known to have been the site of tectonic instability related directly or otherwise to the East Africa rift system. Tavener-Smith (1960) presents the nature of motion in the mid-Zambezi to have been under the influence of tensional movements that have prevailed since the Karoo times. The sediments in the mid-Zambezi Valley are much thicker to the north and north-west, attaining depths in excess of 3000 metres in the Gwembe district which lies along the northern shores of Lake Kariba in southern Zambia (Tavener-Smith 1960) . This area forms a depression of tensional origin which is associated with the rift system to the north through the Luangwa rift. The faulting on the Zambian side consists of major boundary faults trending in a north-east direction. Faulting is generally observed to be tensional, with rock structures dipping steeply between 20" and 40". The fault system in the mid-Zambezi Valley is further complicated by the presence of north-west-trending faults that have been intersected by north-east-trending faults. Garande (1990) , using satellite imagery, reports distinct parallel fractures in the Karroo rocks that are continuous through the Pre-Cambrian, trending north-west and north-east. The north-west-south-east fracture system is more pronounced in the older rocks. The north-easttrending faults are stronger and younger (Garande 1990 ). Kirkpatrick & Robertson (1968) report geological structures striking north-eastwards dipping at 50" within Lake Kariba itself.
The mid-Zambezi Valley has been seismically active since the impounding of the Kariba dam in 1959. A total of 234 earthquakes, magnitude equal to or greater than 4.0,
DATA
Fault-plane solutions were determined from 1'-M a \ e first-motion polarities recorded by the national s3sniological networks within the southern African region. i.e. hq h'!da\41. Mozambique, Republic of South Africa (also operating the Windhoek station in Namibia). Zambia and Zimhahwc seismological networks. Data were read by the author from the seismograms recorded at the various stations at the National seismological analysis centres. All seismograph stations contributing data to this study are shown in Fig.  3(a) . To supplement these data, P-wave first-motion polarities recorded at the seismograph stations Tananarive (TAN) and Angavokely (AVY) both of Madagascar. Nairobi (NAI) of Kenya, Lwiro (LWI) of Zaire. Bangui (BNG) of the Central African Republic. and Sa da Badeira (SDB) of Angola were used when they could he sourced from the International Seismological Centre (ISC) bulletins. Earthquakes used in this study were identified from the catalogue of earthquakes for Zimbabwe and the surrounding areas (Hlatywayo 1992) . In this catalogue. ii good distribution of earthquake-monitoring stations in the southern African region, particularly during the latter half of the period used in this study, is reported. Epicentral data for events used in this study are given in Table 1 . The location of these events on the map in the area of study is given in Fig. 3(b) . The numbers associated with the epicentrcs (solid circles) correspond to event numbers in Table 1 . Epicentres are accurate to within 10 to 15 kilometres.
The crustal model given in Table 2 is assumed for purposes of calculating the take-off angles, relocate the earthquake events used in this study and to estimate the focal depths of the earthquakes. This crustal model is an average of the various models that have been advanced for the region and just to the south of Zimbabwe in northern Transvaal, South Africa. Willmore, Hales & Gane (1 952), and Long, Sundaralingam & Maguire (1973) have proposed Pn-wave velocities of 7.96 to 8.27 km s -' while Gane et ul. (1956) have put forward Pn-wave velocities of 7.61 to 8.27 km s-' for the northern Transvaal. The models advanced by these workers agree well with the crustal model put forward by Bloch, Hales & Landisman (1969) for southern Africa. In adapting this model, it was noted that any uncertainties incorporated in the focal-depth calculations result in inaccuracies in the rake-off angles which in turn limit the accuracy of the nodal planes determined (Herrmann 1975) . The program HYPOINVERSE (Klein 1978) was used to determine the earthquake epicentral coordinates, the take-off angles, and to estimate the focal depths. It must be emphasized that the focal depths obtained in these calculations are estimates; they were not very well constrained. The error is certainly carried over into the nodal plane determinations of the focal mechanisms. The results of focal depths calculated are shown in Table 1 . 
RESULTS
Focal mechanism solutions were determined using a modified version of the program FOCMEC (Snoke et al. 1984) . Details of this version are given by Wahlstrom (1987) . The program gives fault-plane solutions with minimum weight of polarity errors. Data are weighted according to the nature of the polarity onset: full weight for clear impulsive data and half weight for data with an element of uncertainty. Data from the ISC bulletins are given half weight. Polarity data are compiled for refracted first P-wave arrivals and those from seismographs near the epicentres giving Pg as first P-wave arrivals were discarded. Because not all events that occurred in the area were equally well recorded, to ensure an equal distribution of P-wave polarity data on the focal sphere it was necessary to place a further constraint upon the minimum number of polarities that could be used any single fault-plane determination. Only earthquakes kith a minimum of 10 P-wave polarities, which in most cases satisfied the requirement for a fair distribution of the polarities upon the focal sphere, and at least a large Population of the P-wave polarities on full weight, were used in the mechanism solutions. For this reason, many events with magnitudes even much larger than 4.4 are not Fcluded in the individual earthquake event fault-plane solutions. Some of these earthquake events were, however, used in the composite fault-plane solution determined for the Lake Kariba area, provided they occurred in that area (see Table 4 later). All 21 earthquakes, their fault-plane solutions, and the domains of the T and P axes along with a set of nodal planes representing a single solution are presented in Fig. 4 . The range of equally acceptable solutions can be estimated from the domains of the P and T axes. Each fault-plane solution is an equal-area projection of the lower focal sphere. In this paper, the strike direction follows the procedure of Herrmann (1975) where the strike is defined as the direction of the fault such that the fault plane dips down to the right when looking in the direction of strike. Slip angle varies between -180" and +180", being positive when measured counter-clockwise from the horizontal strike direction.
As follows from Fig. 4 , the two nodal planes determined in the fault-plane solutions give south-west and south-southeast strike directions. The main tectonic fractures like the system of faults in the Deka Fault zone, the Zambezi escarpment in southern Zambia and indeed the axis of the mid-Zambezi Valley have a south-west-north-east trend. This trend is also observed directly from the lineaments and faults in the area. Geological findings by workers like Gair (1958) , Tavener-Smith (1960) , Lockett (1975) (1984), Garande (1990) and others confirm the major faults and geological features to be trending in a north-east direction. It therefore appears quite reasonable to assume that the earthquakes studied occurred along south-weststriking nodal planes. These nodal planes can be seen in Fig.  4 and they are also given in Table 3 . The numbers identifying the events in Table 3 correspond to those given in Table 1 and Figs 3 and 4. The 7 axes have a maximum plunge of 18.8" and a general mean value of 4.9". High dip angles in excess of 40" were determined for all the events except events 9 and 19 with 28.7" and 34.9" dip respectively. For all the 21 events, motion on the fault planes is predominantly dip slip with a strike-slip motion on south-south-west-trending fault planes. The tensional T axes have their domain in the west-north-west and east-south-east quadrants. The T -and P -axes domains are confined to small areas on the focal sphere suggesting that the errors in the P and T axes have been minimized. The low T-axes plunge for all the focal mechanisms determined implies that extensional forces are dominant in the area. Events 6, 7 and 10 that were poorly determined are among those whose polarity data just satisfied the minimum of 10 polarities with most polarities in the southern quadrant.
Events 5. 1 1 . 14, 16 and 18 produced the best data. Allowing no more than one P-wave first-motion inconsistency resulted in well-constrained solutions of predominantly normal motion with a little component of strike slip.
As a complement to the above 21 mechanisms, P-wave polarity data for 31 earthquakes (Table 4) which occurred in the area to the west-north-west of the Kariba dam were used to construct a composite solution. Brillinger, Udias & Bolt (1980) used a probability model employing body waves to construct composite solutions and Mendiguren (1980) also gives details on how to construct composite solutions using P first-motion data. The earthquakes considered in this study occurred during the period 1966-1990. The area lies between latitude 15.8OoS-16.85"S and longitude 27.70°E-29.50"E. It is a small area with similar geological features and therefore well suited for applying the technique of composite fault-plane solutions. The 31 events yielded 127 P-wave polarities. Allowing 15 polarity errors resulted in two possible solutions. The fault-plane parameters of these two solutions, and their average values chosen according to the same criterion used earlier in this text. are presented at the bottom of Table 3 . The average fault-plane parameters of the two possible solutions are shown at the end of Fig. 4 . The P-and T-axes domains are also shown in Fig. 4 giving the latitude of the errors incorporated in this solution. The fault plane determined dips at a high angle of 40" and trends in a direction 195.5': motion is predominantly dip slip. The T axis is nearly horizontal with a stronger domain in the east-south-east centred around 103", implying horizontal tensional stresses directed south-east-north-west for this area. Sykes (1967) and Gupta, Rastogi 8~ Narain (1972), using body-wave first-motion polarities of P-wave and S-wave polarization data, have reported fault-plane parameters of the event of 1963 September 23. Their works show fault planes striking to the north-east and motion that is predominantly dip slip. Shudofsky (1985), using Rayleighwave inversion and body-wave modelling techniques, reporting on the 1972 December 18 Lake Kariba event, gives similar results. The results determined by Sykes and Shudofsky for the two events cited earlier, centroidmoment-tensor solutions of two earthquake events from the Harvard catalogue reported by the International Seismology Centre (ISC) in the ISC bulletins, and the corresponding solutions determined in this study, are compared in Table 5 .
The possible fault planes reported in the ISC bulletins for the two events of 1984 December 26 and 1986 July 18 are all Table 5 . If the same criterion used earlier in this text for the choice of the fault plane along which motion occurred is applied to these solutions, fault planes directed to the south-west may be chosen. All the solutions therefore show the same mechanism: dip-slip motion with a small strike-slip component. Differences in the fault-plane orientations are a result of differences in the take-off angles which are a consequence of the use of different crustal models as well as the different approaches to mechanism determination. The focal mechanism solutions are presented in Fig. 5(a and b) for all the 21 earthquakes. The stress directions are inferred from the extensional axes of the fault-plane solutions. This shows that the area is subjected to south-east-north-west extensional stresses.
DISCUSSION A N D CONCLUSIONS
Sixteen focal mechanisms determined for the Lake Kariba area in the mid-Zambezi Valley (Figs 5a and b) show normal faulting. All 16 focal mechanisms conform to the north-west-south-east tensional-stress system which is to the mid-Zambezi Valley axis. The mechanism determinations confirm that seismic activity in the area occurs on the younger faults trending in the north-east direction. The tensional stresses are horizontal and perpendicular to the trends of the orographic lineaments and faults, suggesting they are the main cause of the earthquakes. This trend appears prevalent in the entire region running up north into the well-established areas of the East Africa rift system. Shudofsky (1985) investigating the 1976 September 19 Luangwa rift earthquake, further to the north of the area studied, reports similar results. Equally similar results are independently reported by Wagner & Langston (1988) on the Zambian earthquake of 1968 February 12, off to the north-west of the area studied. Scholz, Koczynski & Hutchins (1976) working on earthquake activity in the Okavango to the south-west of the area considered here, and Shudofsky (1985) , investigating the 1972 December 18 Lake Kariba event, all report tensional-stress axes oriented in a north-west-south-east direction. Events 2, 15, 16, 17, 18, 19 and 21 occurred within a 50 km distance from the dam site. These events are also located in a highly fractured area. The pore-pressure effect could be considered as the main triggering mechanism for earthquake events in this area. Knoll (1992) has also shown that even at distances much further away from the dam site, in the presence of water, dynamic processes of excess pore pressure may be the driving mechanisms that cause instability in small low-permeability creeping joints that are subjected to slowly increasing pore pressure. The rest of the events considered in this study may have been triggered by water pressure resulting from a rise in the water table (Gough 1978) . All the earthquakes whose fault-plane . Nodal planes of the average fault-plane parameters for the 21 earthquake events studied. Projections are to the lower half 01 the focal sphere. The last diagram in the figure gives the composite fault-plane solution for Lake Kariba. The domains of T and P axes arc shown on the focal spheres. Full weighted polarities are shown by crosses and diamond symbols for positive and negative polarities respectively whilc half-weighted polarities are represented by ' + ' and ' -' symbols in the figure. solutions were obtained for the mid-Zambezi Valley tion, with reliability, of the present-day regional stress tield. occurred within short distances from the lake. It may be Seismodynamics of the Deka Fault zone and the concluded that both water and pore pressure contribute, to a mid-Zambezi Valley is in conformity with the mechanics of large extent, to the triggering mechanism of the earthquakes rift systems where the lithosphere is thinning out and new in the Lake Kariba area. mantle material is accreted. The present fault-plane This study of fault-plane solutions allows the determinasolutions correlate well with geologically known tectonic fauting in the area. It is concluded therefore that this area forms a continuous seismotectonic colony that is under extensional stress that gives rise to a dip-slip fault with strike-slip motion. The high angles of faulting, generally above 40". determined in the fault-plane solutions of the earthquakes studied suggest high extensional stresses that extend to greater depths. There exists, therefore, a possibility of earthquakes of deeper foci occurring in the area. These stresses are oriented in a north-west-south-east direction. This extensional stress regime can be justified if it is intimately connected with the rifting process to the north along the western arm of the East Africa rift system to which the area studied forms the extreme southern tip.
There is certainly no evidence of accretion of new material reported in the area so far, yet stresses similar to those observed in the rift to the north were found in this area. The area studied may therefore be considered as a future part of the East Africa rift in the making. Further studies of future Valley. The figure shows the epicentres (solid circles) of 14 earthquakes in this study and the focal mechanisms determined. The system of major mapped faults in the area is shown relative to the epicentres. The numbers associated with the focal mechanisms correspond to the event numbers in Fig. 4. focal mechanisms, comparisons with well-documented local geological structures, monitoring of microseismicity and in situ stress measurements can supply more information about the regional stresses.
